I. INTRODUCTION
• the geometry is optimized at the appropriate level of theory, which for W1 is B3LYP/ccpVTZ+1 and for W2 is CCSD(T)/cc-pVQZ+1, in which cc-pVTZ and cc-pVQZ are the Dunning correlation consistent [28] polarized valence triple and quadruple zeta basis sets [29] , respectively, and the suffix "+1" refers to the addition of a high-exponent d function on all second-row atoms to cover inner polarization effects [30] . Only valence electrons are correlated in the CCSD(T) calculation;
• a CCSD calculation with only valence electrons correlated is carried out for a "big" basis set (see below) containing basis functions of at most angular momentum L max ;
• CCSD(T) calculations with only valence electrons correlated are carried out for a "small" (at most L max − 2) and a "medium" (at most L max − 1) basis set (see below);
• the SCF component of the atomization energy is extrapolated geometrically [31] (E[L] = E ∞ + A/L 5 ) to the "medium", and "large" basis set results;
• the CCSD valence correlation component is extrapolated using the Schwartz-type ex-pression [32, 33] A + B/L α to the "medium" and "large" basis set results. α=3.0 for W2 theory, 3.22 for W1 theory;
• the (T) valence correlation component is extrapolated using the same expression, but applied to the "small" and "medium" results only;
• the inner-shell correlation contribution is calculated as the difference between valenceonly and all-electrons-correlated CCSD(T)/MTsmall binding energies, where MTsmall stands for the Martin-Taylor 'small' core correlation basis set [34, 35] defined in Ref.
[14];
• the scalar relativistic contribution is obtained as the expectation values of the oneelectron Darwin and mass-velocity operators [36, 37] from an ACPF (averaged coupled pair functional [38] ) calculation with the MTsmall basis set. All electrons are correlated in this step;
• except for systems in degenerate states (for which an explicit spin-orbit calculation is required), the spin-orbit contribution is normally derived from the atomic fine structures of the constituent atoms.
In standard W2 theory, the basis sets employed are Dunning's cc-pVLZ on H, aug-cc-pVLZ [39] on B-F, and aug-cc-pVLZ+2d1f on Al-Cl, where the "+2d1f" suffix indicates the addition of two high-exponent d and one high-exponent f function, the exponents being obtained as geometric series 2.5 n α, where α is the highest exponent of that angular momentum present in the underlying cc-pVLZ basis set. For the "small", "medium", and "large" basis sets, L=T, Q, and 5, respectively. In standard W1 theory, the basis sets employed are as described above except for L=D, T, and Q, respectively, for "small", "medium", and "large".
(For Al-Cl, the "small" basis set is aug-cc-pVDZ+2d.)
Our best calculations in the present work were carried out using a minor variation on the W2 protocol of Martin and de Oliveira, which we shall denote W2h (h standing for hetero-atom) in this paper. It differs from standard W2 theory in that the aug-cc-pVLZ basis sets are only used for group V, VI, and VII elements, while the regular cc-pVLZ basis set is used for group III and IV elements.
Zero-point energies were obtained from B3LYP/cc-pVTZ+1 harmonic frequencies scaled by 0.985 in both the W1 and W2 cases, and thermodynamic functions computed using the RRHO (rigid rotor-harmonic oscillator) method from the B3LYP/cc-pVTZ+1 rotational constants and harmonic frequencies. In the cases of HCCF, HCCCl, and C 2 H 2 , anharmonic zero-point energies are available from the literature for comparison.
III. RESULTS AND DISCUSSION
Optimized geometries at the B3LYP/cc-pVTZ+1 and CCSD(T)/cc-pVQZ+1 levels of theory are given in Table I . Computed total atomization energies and heats of formation for the various species discussed here are given in Table II , together with the constituent components (SCF, CCSD valence correlation, connected triple excitations, inner-shell correlation, scalar relativistic effects, spin-orbit coupling). Finally, the reaction energies (and constituent components) for a number of isodesmic and isogyric reactions discussed below can be found in Table III. Comparing the W1 and W2h TAE e (total atomization energy at the bottom of the well)
suggests that the two treatments are in good agreement with each other, except for C 2 F 2 where the more rigorous W2h method suggests a TAE e value about 0.97 kcal/mol lower than W1. Analysis of the individual contributions reveals that the difference is evenly split between SCF and CCSD valence correlation; we also note that HCCF, CH 3 F and FCCCl all reveal about half the W1-W2h difference of C 2 F 2 .
The W2 and W2h protocols normally call for anharmonic zero-point vibrational energies
(ZPVE values), e.g. from CCSD(T)/cc-pVTZ (or better) quartic force field calculations.
Accurate ab initio anharmonic force fields are available for acetylene [40] and HCCF [41] from the work of Martin and coworkers, and for C 2 F 2 and C 2 Cl 2 from the work of Thiel and coworkers [42, 43] . From comparing the W1 and W2h entries for the ZPVE in Table II Only rather crude estimates are available for the haloacetylenes themselves (see Table   II ): our calculations agree with them to within the former's stated error bars, but given the magnitude thereof this is a rather hollow victory.
Let us consider a particularly simple estimation method and associated constancy and additivity, namely the assumption of thermoneutrality for the reaction Considering the bond distances in Table I , we see that the C≡C bond distance in the chloroacetylenes changes only marginally from the acetylene value; in contrast, the C≡C bond in HCCF is compressed by 0.0060Å at the CCSD(T)/cc-pVQZ+1 level. The compression from HCCF to FCCF is still more pronounced, namely 0.0103Å at the same level of theory. (A parallel trend can be noted in the harmonic frequency for the CC stretch, which mounts from 2013 cm −1 in acetylene [40] over 2279 cm −1 in HCCF to 2527 cm
The reason for this probably lies in the changing importance of ionic contributions of the type Y-C≡C − X + : while for acetylene these play a nonnegligible role (after all, acetylene is a very weak acid in aqueous solution), such valence bond structures are quite unfavorable for mono-and particularly for difluoroacetylene.
In all haloacetylenes considered here, the C-X bond distances are appreciably shorter than in CH 3 X. This is consistent with the existence of resonance effects of the type
as are the Wiberg bond orders [50] (derived from a natural population analysis [51] on the B3LYP/cc-pVTZ+1 wave function) in Table IV . (The significant vicinal Wiberg bond orders BO(XC ′ ) found there are perhaps a clearer indication for this type of resonance than the increased X-C bond orders relative to CH 3 X.) Such resonance would stabilize the haloacetylenes: on the other hand, they would be a great deal less favorable in HCCF than in HCCCl, and definitely less in FCCF than in ClCCCl. In addition, it would appear to be less efficient in dihalides than in monohalides:
The Wiberg bond orders in Table IV do appear to reflect these trends.
A useful probe of substituent effects on acetylene stability is the enthalpy of the hydrogenation to form the related substituted alkane [52] : Rogers, Dagdagan and Allinger [54] showed that mono-n alkylacetylenes typically have a hydrogenation enthalpy of ca. -69 and di-n-alkylacetylenes have a value of ca. -64 kcal/mol.
Ignoring temperature and solvent effects, this 5 kcal/mol stabilization per alkyl group is consonant with general perceptions regarding both hyperconjugative and hybridization effects of alkylation. Phenylation is expected to result in a larger, mostly conjugatively derived, stabilization. Under the same conditions as these alkylated acetylenes, Davis, Allinger and
Rogers [55] showed that phenylacetylene and n-alkylphenylacetylenes have an enthalpy of hydrogenation of ca. -62 and -59.6 ± 0.5 kcal/mol, respectively, documenting the greater stabilizing effect of phenyl groups over alkyl.
Not surprisingly, there are no direct measurements of the enthalpy of hydrogenation of any of the haloacetylenes. In order to obtain such quantity, accurate enthalpy of formation of haloethanes is required. But reliable experimental thermochemical data for the haloethanes is scarce and typically is derived from one or two sources. Therefore, we have calculated the enthalpies of formation of ethane and the haloethanes at the W1 level of theory: the results are presented in Table V . Since the core correlation contributions for 1,2-dichloroethane and 1-fluoro-2-chloroethane are computationally very expensive to calculate, we have estimated those values using the MSFT bond equivalent model proposed by Martin et al. [56] . Table VI shows the W1 reaction energies for the hydrogenation reactions together with the constituent components.
We first note that the the W1 calculated ∆H [62] . This discrepancy is an order of magnitude larger than the average error of W1 theory for atomization energies [14, 17] , and the molecule does not exhibit strong nondynamical correlation effect that could cause failure of the underlying CCSD(T) electron correlation method. In order to rule out an exceptionally large W1 error, let us consider enthalpy changes for the following isodesmic reactions: Cl]=-31.8±0.6 kcal/mol. After the present paper was submitted for publication, we received a preprint [63] of a critically evaluated review of experimental thermochemical data for small chlorocarbons and chlorohydrocarbons. In said review, ∆H Finally, it is worthwhile to consider the component breakdown of the reaction energies (Table VI ) which shows that the hydrogenation enthalpies to be almost entirely governed by SCF contribution. Core correlation contribution is noticable for fluorine containing systems while the contribution from scalar relativistic effect is less than 0.1 kcal/mol in all cases.
The first-order spin-orbit contribution trivially cancels for the reaction energies.
An evaluation of the performance of some common lower-cost thermochemistry methods (such as G2, G3, and CBS-QB3) would appear to be relevant here. The discrepancies in TAE 0 with the benchmark W2h results are summarized in Table VII. Deviations for W1 theory are quite moderate, with C 2 F 2 being the only outlier (+0.75 kcal/mol): with this one exception, individual errors stay well below 0.5 kcal/mol, and the mean absolute deviation (MAD) is 0.27 kcal/mol, slightly higher than the average accuracy of W2/W2h theory itself over its training set. The next best performer is G3 theory (MAD=0.51 kcal/mol), which however has a pretty large error of -1.68 kcal/mol for CH 3 Cl. While we have seen in the past that CBS-QB3 performs remarkably well on some molecules that are highly problematic for G3 theory (like SiF 4 [64] and SO 3 [65] ), its MAD for the present systems is 0.75 kcal/mol, substantially higher than G3 theory. Four systems (as opposed to a single one for G3 theory) have errors exceeding 1 kcal/mol. Finally, the present results do show that G3 theory represents a considerable improvement over G2 theory (MAD=0.90 kcal/mol). Interestingly, the more recent G3X method [66] in fact performs more poorly than G3 theory for the problem under study (MAD =0.68 kcal/mol, worst-case 1.36 kcal/mol for C 2 F 2 ). The notation TAE[SCF,n] denotes the total atomization energy at the SCF level with the appropriate (aug-)cc-pVnZ basis set; ∆TAE [CCSD,n] (a) Core-correlation contribution is derived using MSFT empirical model [56] (a) both G3 and CBS-QB3 numbers include atomic spin-orbit corrections
